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HIGHLIGHTS 


►  Li2CoP04F/C  nanocomposite  was  successfully  synthesized  by  sol— gel  method. 

►  The  uniformly  carbon  coated  Li2CoP04F  particles  are  only  tens  of  nanometers. 

►  Li2CoP04F/C  cathode  material  delivers  138  mAh  g-1  at  1  C  and  119  mAh  g  1  at  20  C. 

►  Li2CoP04F/Li4Ti5Oi2  full  cells  show  impressive  electrochemical  performance. 
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Li2CoP04F  cathode  materials  are  successfully  synthesized  by  solid  state  (SS)  and  sol— gel  (SG)  methods. 
The  XRD  results  show  that  Li2CoP04F  samples  prepared  by  two  methods  are  both  indexed  as  ortho¬ 
rhombic  structure  with  space  group  Pnma.  The  particles  of  Li2CoP04F  (SS)  are  micron  grade.  However,  the 
particle  of  Li2CoP04F  (SG)  is  only  tens  of  nanometers  with  an  amorphous  carbon  uniformly  coated.  A  high 
reversible  capacity  of  138  mAh  g-1  is  achieved  for  Li2CoP04F/C  (SG)  at  1  C,  which  is  much  higher  than 
that  of  106  mAh  g-1  prepared  by  solid  state  method.  Also,  Li2CoP04F/C  (SG)  shows  excellent  rate 
performance,  a  capacity  of  119  mAh  g-1,  86%  retention  of  that  at  1  C,  is  achieved  at  20  C.  The  excellent 
rate  capacity  of  the  material  is  attributed  to  nanosized  particles  and  uniform  carbon  coating  that  reduce 
ion  diffusion  length  and  enhance  electronic  conductivity.  Furthermore,  the  preliminary  performance 
characteristics  of  Li2CoP04F/Li4Ti5Oi2  full  cells  are  presented.  The  cell  shows  a  high  voltage  plateau 
around  3.4  V  with  excellent  rate  capacity.  The  impressive  electrochemical  properties  indicate  that 
Li2CoP04F  can  be  a  promising  high  power  cathode  material  for  lithium  ion  batteries.  The  capacity  fading 
mechanism  of  Li2CoP04F  is  also  briefly  investigated. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium  ion  batteries  have  been  successfully  applied  to  portable 
equipments  since  the  first  commercialization  of  them  in  1990s. 
Extensive  studies  have  been  devoted  to  exploring  and  developing 
new  materials  to  meet  the  ever-increasing  requirements  on  high 
energy  &  power  density  batteries,  especially  for  hybrid  electric 
vehicle  (HEV)  and  electric  vehicle  (EV)  applications  [1].  LiFeP04  is 
considered  to  be  one  of  the  promising  candidate  cathode  materials 
for  large-scale  lithium  ion  batteries  due  to  its  good  thermal  and 
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structural  stability  [2].  Normally,  carbon-based  anode  materials  are 
not  suitable  for  high  rate  lithium  intercalation  process  due  to  safety 
problem  originated  from  Li  dendrite  deposition.  Some  recently 
developed  anode  materials  with  relatively  higher  voltage  plateau, 
for  example  Li4Ti50i2  and  Ti02  [3,4],  can  be  good  replacements  for 
carbon  to  further  improve  the  safety  of  large-scale  lithium  ion 
batteries.  For  example,  LiFeP04/Li4Ti50i2  full  cell  demonstrated 
impressive  rate  capacity  and  safety  [5].  However,  its  operation 
voltage  is  only  around  1.9  V,  which  seriously  decreases  the  energy 
density  of  Li-ion  batteries.  In  order  to  improve  the  energy  density 
and  the  safety  of  lithium  ion  batteries,  the  development  of  high 
voltage  cathode  materials  (5  V  or  higher)  and  the  combination  with 
Ti-based  anode  materials  can  be  a  good  choice.  Recently,  fluo- 
rophosphates  A2MP04F  (A  =  Li,  Na;  M  =  Mn,  Fe,  Co)  have  been 
proposed  as  promising  high  voltage  cathode  materials  not  only 
because  of  the  inducing  effect  of  P043^  group  but  also  the  high 


X.  Wu  et  al.  /  Journal  of  Power  Sources  220  (2012)  122-129 


123 


electronegativity  of  F-  anion  [6—11].  High  capacity  may  also  be 
achieved  in  A2MPO4F  with  the  extraction/insertion  of  more  than 
one  lithium  ion  via  M2+/M3+/M4+  redox  couples,  which  has  been 
demonstrated  recently  in  Na2Fei_xMnxP04F  serial  materials  [12]. 
Among  them,  U2C0PO4F  was  found  to  show  a  redox  potential  of 
—  5  V  vs.  Li/Li+,  which  is  one  of  the  highest  among  currently 
available  cathodes.  Also,  Li2CoP04F  was  found  to  possess  good 
chemical  stability,  thermal  stability  and  structural  stability  [10,13]. 
The  high  operating  voltage,  high  theoretical  capacity  combined 
with  good  stability  make  it  an  interesting  candidate  cathode 
material  for  high  energy  density  Li-ion  batteries.  Also,  when 
combined  with  Li4Ti50i2  anode,  Li2CoP04F  will  significantly 
improve  the  operation  voltage  of  the  result  cells. 

Several  works  have  already  been  devoted  to  the  synthesis  and 
structure  analysis  of  L^CoPCHF  [10,13-16].  However,  there  are  only 
few  articles  about  the  electrochemical  performances  of  L^CoPCHF 
so  far  [14,17].  Sub-micron  L^CoPC^F  prepared  by  Wang  et  al.  using 
a  solid  state  method  delivers  a  discharge  capacity  of  109  mAh  g  1  at 
a  current  density  of  5  mA  g-1  over  the  voltage  rang  of  2-5.5  V  [14]. 
Meanwhile,  Dumont-Botto  et  al.  [17]  prepared  a  sub-micron 
Li2CoP04F  using  a  Spark  Plasma  Sintering  technique,  which 
exhibited  a  capacity  of  around  110  mAh  g-1  at  C/10  over  the  voltage 
rang  of  2-5.5  V.  However,  these  works  only  reported  the  electro¬ 
chemical  performance  at  low  current  density  without  giving  the 
rate  capability,  which  may  be  due  to  the  low  electronic  conductivity 
of  polyanionic  compounds  [2,9,18].  In  situ  carbon  coating  is  an 
effective  technique  to  improve  the  electronic  conductivity  and 
obtain  small  particles  via  inhibiting  the  particles  growth  and 
aggregation,  which  has  been  successfully  demonstrated  on  many 
low  conductive  electrode  materials  [19].  However,  for  cobalt-based 
materials,  in  situ  carbon  coating  may  be  unachievable  due  to  the 
reduction  of  Co2+  to  Co  metal  when  pyrolyzing  the  carbon 
precursors,  thus  should  be  treated  very  carefully  [20].  Therefore,  it 
is  worthy  to  investigate  that  whether  carbon  can  be  successfully 
coated  on  particle  surface  of  Li2CoP04F  to  enhance  electrochemical 
performances. 

In  this  study,  we  present  a  sol-gel  approach  to  synthesize 
Li2CoP04F/C  nanocomposite  cathode  material  for  the  first  time.  In 
situ  carbon  coating  is  successfully  achieved  on  L^CoPCHF  via  opti¬ 
mizing  the  synthesis  conditions.  Nano-L^CoPCHF  with  uniform 
carbon  coating  layer  is  obtained.  Its  electrochemical  performances 
are  compared  with  L^CoPCHF  prepared  by  solid  state  method.  In 
the  meantime,  the  electrochemical  performances  of  L^CoPCHF/ 
LUTisO^  full  cells  are  investigated.  The  capacity  fading  mechanism 
of  LhCoPCUF  upon  cycling  is  also  briefly  studied  and  discussed. 

2.  Experimental 

The  LhCoPCHF/C  nanocomposite  was  synthesized  by  sol-gel 
(SG)  method.  In  brief,  0.01  mol  Co(N03)2-6H20,  0.01  mol  H3PO4 
(85  wt%  solution),  0.02  mol  LiF,  and  0.02  mol  citric  acid  were  dis¬ 
solved  in  50  ml  deionized  water,  and  the  mixture  was  stirred  at 
80  °C  for  24  h.  Then  1.8  ml  ethylene  glycol  was  added  into  the 
solution  and  kept  at  120  °C  for  another  2  h.  The  solution  was 
transported  to  a  culture  dish  and  dried  at  100  °C  overnight  to  get 
the  precursor.  The  precursor  was  ground  and  pressed  into  pellets, 
then  sintered  at  600  °C  for  6  h  in  an  argon  atmosphere.  The  carbon 
content  of  the  L^CoPCHF/C  (SG)  nanocomposite  was  determined  to 
be  12.2  wt%  by  Vario  EL  III  elemental  analyzer  (Elementar  Analysen 
System  GmbH,  Germany). 

For  comparison,  L^CoPC^F  was  also  synthesized  by  solid  state 
(SS)  method.  It  was  similar  to  the  method  that  had  been  reported 
by  Wang  et  al.  [14].  A  mixture  of  0.01  mol  CoAc2-4H20,  0.01  mol 
NH4H2PO4  and  0.02  mol  LiF  was  ball  milled  at  a  speed  of  500  rpm 
for  10  h  using  acetone  as  a  dispersant.  After  evaporated  the  solvent, 


the  mixture  was  pressed  into  pellets,  then  heat  treated  at  650  °C  for 
6  h  in  an  argon  atmosphere. 

The  crystalline  phase  of  the  samples  was  collected  by  Panalytical 
X-pert  diffractometer  (PANalytical,  Netherlands)  equipped  with  Cu 
Ka  radiation  operated  at  40  kV  and  30  mA.  Scanning  electron 
microscopy  (SEM)  was  studied  by  S-4800  (HITACHI,  Japan),  with 
energy-dispersive  spectroscopy  (EDS).  The  transmission  electron 
microscopy  (TEM)  and  high  resolution  transmission  electron 
microscopy  (HRTEM)  were  studied  by  JEM-2100  (JEOL  Ltd.,  Japan) 
at  200  kV. 

Electrochemical  performance  of  the  cathode  materials  was 
examined  using  CR2025  coin-type  cells.  The  cathode  electrodes 
were  fabricated  with  70  wt%  active  material,  20  wt%  acetylene  black 
and  10  wt%  poly(vinylidene  fluoride)  (PVDF)  using  N-methyl-2- 
pyrrolidone  (NMP)  as  the  solvent.  The  electrodes  were  prepared  by 
coating  the  slurry  on  the  aluminum  current  collector  with  a  diam¬ 
eter  of  1.6  cm,  and  dried  at  120  °C  for  1  h.  The  electrode  contained 
2-3  mg  of  active  cathode  material.  The  as  prepared  electrode, 
lithium  metal,  1  M  LiPF6  in  EC/DMC  (1:1,  v/v)  or  1  M  LiPF6  in 
dimethyl  sulfone  (DMS)  and  ethyl  methyl  sulfone  (EMS)  (15:85,  w/ 
w)  [14],  and  Celgard  2300  were  used  as  cathode,  anode,  electrolyte 
and  separator  respectively  to  assemble  cells  in  an  argon-filled  glove 
box.  The  DMS  (98%,  Aldirch)  and  EMS  (98%,  TCI)  were  firstly  mixed 
together,  and  then  treated  with  molecular  sieve  (4A)  to  eliminate 
water  residue  in  the  solvents  before  further  preparing  the  sulfone- 
based  electrolyte  solution.  For  L^CoPCUF/LUTisO^  full  cells, 
LUTisO^  replaces  lithium  metal  as  anode.  The  LLjTisO^  anode 
electrode  was  prepared  in  the  same  way  as  the  cathode  electrode 
except  mixing  the  active  material,  acetylene  black  and  PVDF  in 
a  weight  ratio  of  80:10:10.  The  full  cells  were  designed  to  be 
cathode  limited,  and  the  amount  of  anode  material  was  in  excess  to 
cathode  material  (the  mass  ratio  of  L^CoPCHF  and  LUTisO^  in  the 
full  cell  was  controlled  between  1:1.6  —  1.8,  in  another  word,  the 
capacity  of  LLfTisO^  anode  was  around  twice  that  of  LhCoPC^F 
cathode  (calculated  based  on  the  theoretical  capacity  of  Li2CoP04F 
cathode  and  Li4Ti50i2  anode)).  Charge/discharge  performance  of 
the  materials  was  investigated  galvanostatically  between  2  and 
5.4  V  for  Li2CoP04F/Li  half  cells  and  0.5-3.9  V  for  Li2CoP04F/ 
Li4Ti50i2  full  cells  at  n  C  current  rate  (1C  =  143  mA  g-1,  n  =  1,  2,  5, 
10, 20)  at  30  °C  (Land  CT2001  A).  The  charge/discharge  capacity  was 
calculated  based  on  the  mass  of  L^CoPC^F. 

Ex  situ  XRD  was  carried  out  to  determine  the  structure  changes 
after  different  charge/discharge  cycles.  After  different  charge/ 
discharge  cycles,  the  cells  were  disassembled  and  washed  by  DMC 
in  the  argon-filled  glove  box.  Electrochemical  impedance  spec¬ 
troscopy  (EIS)  of  the  cell  was  measured  at  the  charged  state  of  4.9  V 
after  different  cycles  over  frequency  range  from  100  kHz  to  10  mHz 
with  a  perturbation  amplitude  of  ±5  mV  using  Autolab  workstation 
(Eco  Chemime,  Netherlands). 

3.  Results  and  discussion 

Fig.  1  shows  the  XRD  patterns  of  Li2CoP04F  (SG)  sintered  at 
different  temperatures  for  6  h.  The  diffraction  peaks  of  the  sample 
sintered  at  550  °C  are  mostly  indexed  to  LiCoPCH  and  LiF,  and 
a  small  amount  of  L^CoPC^F  is  also  present.  When  the  sintering 
temperature  is  increased  to  600  °C,  the  predominant  phase 
becomes  L^CoPCHF  with  trace  of  LiCoP04  as  impurity.  LiCoPCH  as  an 
impurity  disappears  when  increasing  the  sintering  temperature  to 
650  °C.  However,  a  new  small  diffraction  peak  appears  at  44.2° 
corresponding  to  the  diffraction  peak  of  cobalt  due  to  the  reduction 
of  Co2+  to  metallic  cobalt  by  carbon.  When  the  sintering  temper¬ 
ature  reaches  700  °C,  diffraction  peaks  of  cobalt  become  more 
obvious,  indicating  that  the  reduction  of  Co2+  becomes  severer  at 
700  °C.  At  the  same  time,  LiCoPCU  impurity  appears  once  again, 
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Fig.  1.  XRD  patterns  of  Li2CoP04F  prepared  by  sol-gel  method  sintered  at  550  °C, 
600  °C,  650  °C  and  700  °C.  The  JCPDS  numbers  of  Co,  Li3P04,  LiF,  LiCoP04  are  00-015- 
0806,  01-087-0039,  01-078-1217,  01-089-6192,  respectively.  Reference  diffraction 
pattern  of  Li2CoP04F  is  obtained  from  simulation  based  on  CIF  document  reported  by 
Hadermann  et  al.  [15]  using  diamond  3.1  software. 


which  agrees  with  Khasanova’s  results  that  U2C0PO4F  is  metastable 
and  may  decompose  to  UC0PO4  and  U3PO4  at  high  temperature 
[13].  So  pure  phase  of  U2C0PO4F  can  only  exist  at  a  narrow 
temperature  range  [16]. 

Fig.  2  shows  the  first  and  second  charge/discharge  profiles  for 
half  cells  in  LiPF6/EC+DMC  electrolyte  of  U2C0PO4F  (SG)  sintered  at 
different  temperatures  at  1  C  current  rate.  A  charging  voltage 
plateau  is  shown  at  around  3.8  V  in  the  first  cycle  for  the  sample 
sintered  at  650  °C,  and  it  becomes  more  obvious  when  the  sintering 
temperature  reaches  700  °C.  Based  on  our  analysis  on  this  elec¬ 
trochemical  system,  this  part  of  charge  capacity  can  be  ascribed  to 
the  electrochemical  oxidation  of  metallic  cobalt  in  the  charge 
process.  Plateaus  corresponding  to  oxidation  of  metallic  cobalt 
disappear  in  the  second  cycle.  In  the  following  cycles,  no  3.8  V 
plateau  is  shown  which  means  no  oxidation  reaction  of  cobalt 
happens  again.  Meanwhile,  no  3.8  V  plateau  appears  for  the  sample 
sintered  at  600  °C,  which  is  in  accordance  with  XRD  result  that 
reduction  of  Co2+  to  cobalt  metal  does  not  happen  at  600  °C.  There 
are  no  significant  differences  in  charge/discharge  profiles  between 
the  samples  sintered  at  600  °C  and  650  °C  except  for  the  small 
plateau  at  around  3.8  V,  and  the  electrochemical  performance  of 
the  material  is  not  seriously  affected  by  the  impurity  of  UC0PO4. 
Therefore,  the  sintering  temperature  for  sol-gel  method  is  opti¬ 
mized  to  be  600  °C. 

For  comparison,  U2C0PO4F  was  also  prepared  by  a  conventional 
solid  state  method.  As  discussed  above,  U2C0PO4F  (SG)  sample 
sintered  at  600  °C  has  some  UC0PO4  impurity,  so  sintering 
temperature  of  650  °C  was  chosen  to  synthesize  U2C0PO4F  for  solid 
state  method.  Fig.  3  shows  XRD  patterns  of  U2C0PO4F  prepared  by 
solid  state  and  sol-gel  methods.  No  distinct  impurity  is  detected 
for  the  sample  prepared  by  solid  state  method,  indicating  that 
increasing  sintering  temperature  contributes  to  the  synthesis  of 
pure  phase  of  Li2CoP04F.  Except  for  the  peaks  of  impurity,  all  peaks 
of  LhCoPCUF  samples  prepared  by  both  solid  state  and  sol-gel 


Fig.  2.  The  first  (a)  and  second  (b)  charge/discharge  profiles  for  half  cells  in  LiPF6/ 
EC  +  DMC  electrolyte  of  Li2CoP04F  prepared  by  sol-gel  method  sintered  at  600  °C, 
650  °C  and  700  °C  at  1  C  current  rate. 


methods  can  be  indexed  as  an  orthorhombic  structure  with  space 
group  Pnma.  The  lattice  parameters  of  LhCoPC^F  prepared  by  solid 
state  method  calculated  by  Jade.5  are  a  =  10.452  A,  b  =  6.386  A, 
c  =  10.889  A  and  V  =  726.83  A3.  For  Li2CoP04F  prepared  by  sol-gel 
method,  the  lattice  parameters  are  a  =  10.458  A,  b  =  6.377  A, 
c  =  10.880  A,V=  725.70  A3.  The  results  we  obtained  above  are  in 
good  agreement  with  the  reported  data  [10]. 


Fig.  3.  XRD  patterns  of  Li2CoP04F  prepared  by  solid  state  and  sol-gel  methods. 
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Fig.  4  shows  SEM  images  of  U2C0PO4F  prepared  by  solid  state 
and  sol-gel  methods.  It  can  be  seen  that  particles  of  U2C0PO4F 
prepared  by  solid  state  method  are  several  micrometers  and  not 
uniformly  distributed.  Whereas  U2C0PO4F/C  prepared  by 
sol-gel  method  does  show  primary  nanocrystallite  aggregate 
structure.  The  secondary  particles  of  Li2CoP04F/C  prepared  by 
sol— gel  method  are  a  few  micrometers.  Under  high  magnifica¬ 
tion,  this  sample  exhibits  a  much  narrower  particle  size  distri¬ 
bution  with  nanosized  primary  particles.  TEM  image  (Fig.  5a) 
also  indicates  that  the  primary  particle  size  of  U2C0PO4F  (SG)  is 
only  tens  of  nanometers  in  accordance  with  the  SEM  results.  An 
amorphous  carbon  layer  coating  on  the  surface  of  the  particles 
can  be  observed  from  HRTEM  image  (Fig.  5b).  It  can  be  seen  that 
carbon  is  uniformly  distributed  on  the  particle  surface  from  EDS 
maps  (Fig.  6),  which  agrees  with  the  result  of  HRTEM.  The 
nanocrystallite  and  uniform  conductive  carbon  matrix  reduce 
the  diffusion  path  length  of  lithium  ion  and  improve  the  elec¬ 
tronic  conductivity  of  the  composite  material.  These  would 
significantly  enhance  the  electrochemical  performance  of 
Li2CoP04F. 

Fig.  7  shows  the  first  charge/discharge  profiles  for  half  cells  in 
LiPF6/EC+DMC  electrolyte  of  U2C0PO4F  prepared  by  solid  state 
and  sol-gel  methods  at  various  rates.  U2C0PO4F  (SS)  cathode 
material  exhibits  a  discharge  capacity  of  106  mAh  g_1  at  1  C 
current  rate,  which  is  similar  to  the  results  reported  in  literature 
[14,17].  Furthermore,  the  capacity  decreases,  accompanying  with 
an  increase  in  polarization  when  increasing  the  current  rate. 
When  current  rate  is  increased  to  20  C,  the  discharge  capacity 
dramatically  decreases  to  29  mAh  g-1  and  severe  polarization  is 
also  observed,  which  can  be  ascribed  to  the  low  intrinsic 
conductivity  of  polyanionic  cathode  materials.  U2C0PO4F  (SG) 
shows  a  high  discharge  capacity  of  138  mAh  g-1  at  1  C  current 
rate,  which  is  very  close  to  the  theoretical  capacity  (143  mAh  g-1) 
calculated  based  on  one  electron  exchange  per  formula  unit. 
Compared  with  Li2CoP04F  (SS)  sample,  the  most  outstanding 


feature  of  U2C0PO4F  (SG)  sample  lies  in  its  superior  rate  capability. 
When  current  rate  reaches  to  2  C  and  5  C,  the  initial  discharge 
capacities  just  slightly  decrease  to  135  mAh  g-1  and  133  mAh  g_1, 
respectively,  without  obvious  drop  in  discharge  plateau.  Even 
when  current  rate  is  increased  to  10  C  and  20  C,  the  discharge 
capacities  can  still  reach  127  mAh  g_1  and  119  mAh  g-1,  corre¬ 
sponding  to  92%  and  86%  of  its  capacity  at  1  C,  respectively,  which 
are  still  much  better  than  that  prepared  by  solid  state  method 
cycled  at  low  current  density.  The  outstanding  electrochemical 
performances  of  the  composites  can  be  attributed  to  the  nano¬ 
sized  particles  and  uniform  carbon  distribution  benefiting  from 
our  novel  sol-gel  technique.  In  addition,  U2C0PO4F/C  nano¬ 
composite  exhibits  high  voltage  plateau  (~5.0  V)  and  excellent 
rate  performance,  thus  Li2CoP04F  can  be  regarded  as  a  promising 
high  power  cathode  material  for  lithium  ion  batteries.  It  is  worthy 
to  mention  that  coulomb  efficiencies  of  U2C0PO4F  samples 
prepared  by  solid  state  and  sol-gel  methods  are  both  found  to  be 
low.  Li2CoP04F  material  must  be  charged  to  high  voltage  (5.4  V)  to 
obtain  high  capacity  due  to  its  high  redox  potential,  which  results 
in  some  serious  side  decomposition  reactions  of  electrolyte  [21]. 
Meanwhile,  the  catalytic  effects  of  cobalt  ion  on  the  decomposi¬ 
tion  of  electrolyte  may  also  contribute  to  its  high  irreversible 
capacity  loss  [22]. 

In  order  to  decrease  the  initial  irreversible  capacity  loss,  sulfone- 
based  electrolyte  with  high  voltage  stability  window  is  used  to 
investigate  the  electrochemical  performances  of  U2C0PO4F  cathode 
material.  Fig.  8  shows  the  first  charge/discharge  profiles  of  U2C0- 
PO4F  (SG)/Li  half  cells  in  LiPF6/DMS  +  EMS  electrolyte  at  various 
rates.  U2C0PO4F  cathode  material  exhibits  a  reversible  discharge 
capacity  of  132  mAh  g_1  at  1  C  in  LiPF6/DMS  +  EMS  electrolyte, 
which  is  slightly  lower  than  that  in  LiPFg/EC  +  DMC  electrolyte. 
Higher  initial  coulombic  efficiency  (67.2%)  can  be  achieved  in  UPFqI 
DMS  +  EMS  electrolyte  in  comparison  with  53.8%  in  LiPE 6/ 
EC  +  DMC  electrolyte,  which  is  attributed  to  the  higher  stability  of 
LiPFg/DMS  +  EMS  electrolyte.  However,  when  the  current  density  is 


Fig.  4.  SEM  images  of  Li2CoP04F  prepared  by  solid  state  (a,  c)  and  sol-gel  (b,  d)  methods. 
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Fig.  5.  TEM  (a)  and  HRTEM  (b)  images  of  Li2CoP04F  prepared  by  sol-gel  method. 


increased,  accompanying  with  an  obvious  decline  of  the  discharge 
plateau,  the  first  discharge  capacity  of  the  electrode  material 
decreases  sharply  to  only  83  mAh  g  1  at  20  C  (only  62.9%  of  that  at 
1  C)  compared  to  119  mAh  g-1  in  LiPF6/EC  +  DMC  electrolyte.  It  is 
speculated  that  LiPFg/DMS  +  EMS  electrolyte  suffers  from  low  ionic 
conductivity  [23],  which  results  in  high  electrolyte  resistance  and 
serious  concentration  polarization  of  electrolyte.  Therefore,  the 
development  of  high  voltage  electrolytes  combined  with  high  ionic 
conductivity,  low  viscosity  and  good  wettability  is  critical  for  the 
practical  application  of  these  high  voltage  cathode  materials.  In  the 
following  experiments,  we  used  UPFq/EC  +  DMC  as  electrolyte  to 
give  full  play  to  the  electrochemical  performance  of  U2C0PO4F 
cathode  material. 

Now,  the  commercial  carbon-based  anode  materials  suffer 
from  safety  problem  when  lithium  ion  intercalates  at  high  current 
density.  LLfTisO^  anode  material  has  excellent  rate  and  cycling 
performances,  whereas  its  charge/discharge  plateau  is  relatively 
high  located  at  1.5  V.  When  LUTisO^  is  combined  with  currently 
commercialized  cathode  materials,  it  will  significantly  decrease 
the  operating  voltage  of  the  result  cells.  For  example,  LiFeP04/ 


LUTisO^  full  cell  exhibits  a  voltage  plateau  at  1.9  V,  which  would 
significantly  decrease  the  energy  density  of  lithium  ion  batteries.  If 
a  suitable  high  voltage  electrolyte  can  be  developed,  U2C0PO4F/ 
LUTisO^  full  cells  should  show  superior  energy  density  and  power 
density.  The  electrochemical  properties  of  LbCoPC^F/LUTisO^  full 
cells  are  preliminary  investigated.  Fig.  9  shows  the  first  charge/ 
discharge  profiles  of  Li2CoP04F/Li4Ti5Oi2  full  cells  in  LiPF6/ 
EC  +  DMC  electrolyte  at  various  rates.  L^CoPCUF/LUTisO^  full  cells 
have  similar  discharge  capacity  to  U2C0PO4F/U  half  cells,  indi¬ 
cating  that  U2C0PO4F  cathode  material  and  LLfTisO^  anode 
material  have  a  good  electrochemical  compatibility.  U2C0PO4F / 
Li4Ti50i2  full  cell  exhibits  a  voltage  plateau  at  about  3.4  V,  which 
leads  to  78%  improvement  in  voltage  plateau  compared  with 
LiFeP04/Li4Ti50i2  full  cell.  Although  the  capacity  of  U2C0PO4F/ 
Li4Ti50i2  full  cell  is  slightly  lower  than  that  of  LiFeP04/Li4Ti50i2 
full  cell,  its  energy  density  is  still  remarkably  higher  ( ~  50%)  than 
LiFeP04/Li4Ti50i2  full  cell  due  to  its  high  operation  voltage.  The 
high  working  voltage  and  excellent  rate  capability  of  U2C0PO4F / 
LUTisO^  full  cell  make  it  a  promising  high  power  lithium  ion 
battery  which  prevents  the  safety  issues  caused  by  the  highly 
reactive  lithiated  graphite. 

Fig.  10  shows  the  cycling  performance  of  L^CoPC^F  (SG)/Li 
half  cells  in  LiPF6/EC  +  DMC  electrolyte  at  various  rates.  U2C0- 
PO4F/U  half  cells  exhibit  poor  cycling  performance  at  various 
rates  and  the  capacity  retention  is  only  36%  after  50  cycles  at  1  C 
rate.  The  severe  capacity  fading  may  be  ascribed  to  the  structure 
changes  during  cycling  or  the  decomposition  of  electrolyte  when 
charged  to  high  voltage  (5.4  V).  In  order  to  investigate  the 
capacity  fading  mechanism,  ex  situ  XRD  and  EIS  techniques  were 
carried  out.  Fig.  11  shows  ex  situ  XRD  patterns  of  Li2CoP04F  (SG) 
after  different  cycles.  No  obvious  structural  degradation  is 
observed  for  U2C0PO4F  sample  after  50  cycles.  This  indicates 
that  Li2CoP04F  possesses  high  structural  stability  during  charge/ 
discharge  processes.  The  most  obvious  differences  in  patterns 
between  pristine  Li2CoP04F  and  Li2CoP04F  samples  after  charge/ 
discharge  cycling  lie  in  the  relative  intensity  change  of  diffrac¬ 
tion  peaks  located  at  16.3°  and  17.0°.  This  phenomenon  was  also 
observed  by  Wang  et  al.,  which  may  arise  from  the  structural 
relaxation  when  U2C0PO4F  is  charged  to  a  voltage  above  5  V  [14]. 
For  U2C0PO4F  samples  after  different  cycles  (1, 10,  20,  30  40  and 
50  cycles),  no  obvious  changes  are  observed  on  their  diffraction 
patterns.  This  indicates  the  structural  relaxation  is  almost 
complete  on  the  first  charge/discharge  cycle,  and  the  structure  of 
U2C0PO4F  keeps  stable  on  the  subsequent  cycles.  Electro¬ 
chemical  impedance  spectroscopy  (EIS)  has  been  performed  to 
study  the  interface  properties  during  cycling.  Fig.  12  shows  the 
nyquist  plots  of  Li2CoP04F  (SG)/Li  half  cell  in  LiPF6/EC  +  DMC 
electrolyte  at  different  cycles.  All  nyquist  plots  consist  of  three 
parts,  the  high  frequency  semicircle  relates  to  solid  electrolyte 
interface  (SEI)  resistance  (Rsei),  the  medium  frequency  semicircle 
relates  to  the  charge-transfer  resistance  (Rct)  and  the  low 
frequency  straight  line  represents  the  Warburg  impedance  (Zw). 
It  can  be  clearly  seen  that  the  charge-transfer  resistance  sharply 
increases  during  cycling  process,  while  Rsei  is  relatively  stable. 
The  fast  capacity  fading  cannot  be  mainly  attributed  to  the 
growth  of  solid  electrolyte  interface  resistance.  It  is  speculated 
that  F_  anion  in  LiPF6  contained  electrolyte  attacks  the  surface  of 
U2C0PO4F,  with  the  result  that  a  layer  of  decomposition  products 
with  poor  electronic  conductivity  cover  on  the  surface  of 
U2C0PO4F  electrode  [24].  In  the  meantime,  the  catalytic  effect  of 
cobalt  ions  aggravates  the  reaction  when  the  electrode  was 
charged  to  high  voltage.  Progressive  damaging  of  the  surface  of 
U2C0PO4F  electrode  also  destroys  the  close  contract  between  the 
surface  of  electrode  and  conductive  carbon  layer.  These  factors 
may  result  in  poor  charge-transfer  dynamics  and  the  fast 
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Fig.  6.  EDS  mapping  of  Li2CoP04F  prepared  by  sol-gel  method. 


increase  in  charge-transfer  resistance  during  charge/discharge 
cycling,  and  then  decrease  the  discharge  capacity.  According  to 
ex  situ  XRD  and  EIS  analyses,  we  may  conclude  that  the  fast 
capacity  fading  is  mainly  ascribed  to  the  instability  of  electrode/ 
electrolyte  interface  during  cycling  at  high  voltage  rather  than 
structural  degradation. 

Fig.  13  shows  the  cycling  performance  and  coulombic  effi¬ 
ciency  plots  of  U2C0PO4F  (SGj/LUTisO^  full  cells  in  LiPF6/ 
EC  +  DMC  electrolyte  at  various  rates.  It  shows  that  the  cycling 
performance  of  LhCoPC^F  (SGj/LUTisO^  full  cells  is  similar  to 


Fig.  7.  The  first  charge/discharge  profiles  for  half  cells  in  LiPF6/EC  +  DMC  electrolyte  of  Fig.  8.  The  first  charge/discharge  profiles  of  Li2CoP04F  (SG)/Li  half  cells  in  LiPF6/ 

Li2CoP04F  prepared  by  solid  state  (a)  and  sol-gel  (b)  methods  at  various  rates.  DMS  +  EMS  electrolyte  at  various  rates. 
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Fig.  9.  The  first  charge/discharge  profiles  of  Li2CoP04F  (SG)/Li4Ti5Oi2  full  cells  in  LiPF6/ 
EC  +  DMC  electrolyte  at  various  rates. 


Fig.  10.  Cycling  performance  of  Li2CoP04F  (SG)/Li  half  cells  in  LiPF6/EC  +  DMC  elec¬ 
trolyte  at  various  rates. 
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Fig.  11.  XRD  patterns  of  pristine  Li2CoP04F  (SG)  sample  and  Li2CoP04F  (SG)  electrodes 
after  different  cycles.  The  diffraction  peaks  corresponding  to  Al  current  collector  are 
marked  by  the  symbols  #. 


Fig.  12.  Nyquist  plots  of  Li2CoP04F  (SG)/Li  half  cell  in  LiPF6/EC  +  DMC  electrolyte  at 
different  cycles.  The  data  were  collected  at  the  charged  state  of  4.9  V. 


that  ofLi2CoP04F  (SG)/Li  half  cells.  The  poor  cycling  performance 
of  Li2CoP04F  (SG)/Li4Ti50i2  full  cells  may  be  attributed  to  the 
degradation  of  Li2CoP04F  cathode  material  and/or  the 
consumption  of  Li4Ti50i2  anode  material  compensating  the 
irreversible  capacity  during  charging.  As  we  have  noticed, 
coulombic  efficiency  of  Li2CoP04F  (SG)/Li4Ti50i2  full  cells  is 
relatively  low,  especially  in  the  first  several  cycles.  If  the  irre¬ 
versible  capacity  is  only  compensated  by  consumption  of 
Li4Ti50i2  anode  material,  the  cycling  performance  of  Li2CoP04F 
(SG)/Li4Ti50i2  full  cells  would  be  much  worse  (the  capacity 
would  quickly  decrease  close  to  0  mAh  g^1)  than  the  obtained 
data.  Therefore,  there  is  at  least  another  way  to  compensate  the 
irreversible  capacity  during  charging.  It  is  speculated  that  the 
decomposition  products  of  electrolyte  are  reduced  on  the 
Li4Ti50i2  anode  during  charging  process.  This  phenomenon  is 
also  observed  in  LiCoMn04/Li4Ti5Oi2  full  cell  (capacity  limited  by 
Li4Ti50i2)  that  the  first  charge  capacity  is  up  to  256  mAh  g  x 
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Fig.  13.  Cycling  performance  and  coulombic  efficiency  plots  of  Li2CoP04F  (SG)/ 
Li4Ti5Oi2  full  cells  in  LiPF6/EC  +  DMC  electrolyte  at  various  rates. 
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[25].  Further  research  is  needed  to  disclose  the  detailed  reaction 
mechanism. 

4.  Conclusions 

U2C0PO4F/C  nanocomposite  cathode  material  is  successfully 
synthesized  by  a  sol-gel  method.  It  can  be  observed  from  SEM 
and  TEM  images  that  the  primary  particle  of  the  composites  is 
only  tens  of  nanometers  and  coated  by  an  amorphous  carbon 
layer,  which  results  in  remarkable  improvement  in  electro¬ 
chemical  performance  compared  with  the  sample  prepared  by 
solid  state  method.  L^CoPC^F/C  cathode  material  prepared  by 
sol-gel  process  exhibits  discharge  capacities  of  138  mAh  g-1, 
135  mAh  g~\  133  mAh  g  \  127  mAh  g'1  and  119  mAh  g'1  at 
current  rates  of  1  C,  2  C,  5  C,  10  C  and  20  C,  respectively.  The  high 
working  voltage,  high  theoretical  capacity  and  high  rate  perfor¬ 
mance  make  L^CoPCHF  a  promising  cathode  material  with  high 
energy  density  and  power  density  for  lithium  ion  battery.  Our 
results  also  show  that  Li2CoP04F/Li4Ti5Oi2  full  cells  deliver 
similar  discharge  capacity  to  Li2CoP04F/Li  half  cells  and  excellent 
power  density.  Consequently,  Li2CoP04F/Li4Ti50i2  full  cell  can 
become  another  candidate  for  high  power  battery.  However, 
Li2CoP04F  cathode  material  suffers  from  poor  cycling  perfor¬ 
mance,  which  may  be  due  to  the  increased  charge-transfer 
resistance  resulting  from  the  deterioration  of  electrode/electro¬ 
lyte  interface. 
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